S plit cord malformation (SCM) is a rare abnormality of notochord development. The majority of cases occur in the thoracolumbar region, 12 with more than 30 cases of cervical SCM reported. 2 The clinical impact of SCMs involving the cervical cord is therefore largely unknown. In addition, the concomitant finding of brainstem involvement is presumably incompatible with life in the majority of patients, resulting in a paucity of data regarding this clinical scenario. In this report we present the first case, to our knowledge, of an incomplete cervical SCM involving the brainstem, and discuss its clinical impact, diagnosis, and management.
Case Report

History and Examination
The patient was born via induced vaginal delivery at 38 weeks due to maternal hypertension, with no perinatal complications. Her parents noted apneic episodes, progressive lethargy, difficulty feeding, and noisy breathing during sleep. On Day 7 of life, she became cyanotic and required cardiopulmonary resuscitation by a family member; emergency medical services was activated and she was initially evaluated at the local hospital. She was subsequently transferred to our tertiary care center after a series of medically witnessed apneic episodes associated with biphasic stridor.
On arrival, she was hemodynamically stable on continuous positive pressure support. She had no obvious dysmorphic features. An isolated capillary hemangioma was noted on her arm, and she was observed to have unilateral left-sided torticollis. Flexible endoscopy revealed a left vocal cord paresis, which was confirmed during flexible sleep-state endoscopy. She had an otherwise normal airway examination. An immature suck-swallow-breath sequence was diagnosed via functional endoscopic examination of swallowing (FEES). Aspiration with thin liquids was noted on video fluoroscopic swallowing examination and both central apneas and hypopneas were noted on polysomnography.
Magnetic resonance imagining of the brain and spine revealed a 6-mm-long Type II cervical SCM (Figs. 1 and 2), with no evidence of syringohydromyelia or cord compression. Also notable was hypoplasia of the left dorsolateral medulla. A chromosomal microarray was normal, and workup for infection was negative. There was no evidence of spinal cord tethering and the patient demonstrated clinical improvement with successful advancement of oral feedings and stable oxygen saturations with decreased apnea, therefore conservative neurosurgical management ABBREVIATIONS AHI = apnea-hypopnea index; BAER = brainstem auditory evoked response; FEES = functional endoscopic examination of swallowing; SCM = split cord malformation; TCS = tethered cord syndrome. Clinical and surgical management of a congenital Type II split cord malformation presenting with progressive cranial neuropathies: case report was recommended. After demonstrating weight gain, an improved suck-swallow-breath sequence, and fewer apneic events over the subsequent 2 weeks, she was discharged on room air with overnight oximetry.
At the 6-week follow-up evaluation, she was found to have decreased aspiration on video swallow, but persistent laryngeal penetration on FEES. Her unilateral vocal cord paresis and torticollis were unchanged, but her parents reported decreased apneic spells and noisy breathing. At her 6-month evaluation, she was noted to have progressive lower cranial nerve dysfunction (cranial nerves XII, XI, X, and IX), right-sided motor preference versus subtle left-sided hemiparesis, and worsening torticollis with tightening of the left sternocleidomastoid and erector spinae muscles. Swallow studies were repeated and found to be negative for aspiration, with good coordination of her suck-swallow-breathe reflex. However, due to persistent concerns for aspiration, microdirect laryngoscopy, bronchoscopy with bronchoalveolar lavage, and upper endoscopy with biopsy were performed to definitively assess for microaspiration. She was found to have an abnormal 24-hour intraesophageal pH study with elevated BoixOchoa score and her airway pepsin study was negative. 3 FEES revealed mild pharyngeal weakness, suggested by retention of formula in both pyriform sinuses and some collection along the postcricoid space. Repeat polysomnography revealed an apnea-hypopnea index (AHI) score of 46 without supplemental oxygen and 3 with low-flow oxygen at 0.25 L. Nocturnal oxygen supplementation with continued oximetry was initiated. Brainstem auditory evoked responses (BAERs) showed all waveforms present; however, waveforms on the left were better defined than those on the right. Somatosensory evoked potentials showed no obvious impaired conduction, but there are no well-established normal values in this young age group that allow for detection of mild slowing. Given that central and peripheral myelination may not be complete, changes in waveforms and latencies may not be comparable to normal adult values. 7 Computed tomography of the cervical spine revealed a hypoplastic left C-1 lateral mass, neural arch, and left occipital condyle compared with the right (Fig. 3) .
FIG. 1. Preoperative axial contrast-enhanced MR image showing the SCM (arrow). Figure is available in color online only.
FIG. 2. Preoperative sagittal contrast-enhanced MR images showing the SCM (arrows). Figure is available in color online only.
Operation
The patient was taken to the operating room for a suboccipital craniectomy, cord untethering, and bovine duraplasty due to concerns for tethering of the upper cervical spinal cord and resultant compression contributing to cranial neuropathies and possibly central apnea and hypopnea. Large epidural varices were noted on the left and were coagulated with bipolar cautery. Upon dural opening, a large fibrous band was identified, appearing to split the cord (Fig. 4, Video 1) . Adjoining the band was what appeared to be a separate aspect of the cervicomedullary junction and this was not surgically manipulated. The intradural band was excised at the dural margin. Once excised, the remaining edge of the band fell back between the hemicords of the cervicomedullary junction, completing the untethering. The left vertebral artery was identified deep to the fibrous band. Lower cranial nerves also appeared to be involved in the malformation. Finally, opening into the fourth ventricle was visualized without an arachnoid veil present. Generous bovine pericardium was used for watertight duraplasty. BAERs and electromyography from bilateral cranial nerves VII, X, XI, and XII were monitored. All waveforms of the BAERs remained stable throughout the procedure, and no neurotonic discharges were recorded. She tolerated the procedure well with minimal blood loss and was extubated. The immediate postoperative course was notable for respiratory distress requiring reintubation. She was successfully extubated on postoperative Day 1 and was transferred out of the pediatric intensive care unit on postoperative Day 2.
Pathological Findings and Postoperative Course
Pathological review of the specimen revealed skeletal muscle and fibrous tissue (Fig. 5) . Postoperative imaging revealed decompression of the left skull base with resection of the intradural band. No cord signal abnormality or syrinx was observed (Fig. 6) . She was discharged home on postoperative Day 4 with a supplemental oxygen regimen. On postoperative Day 5 she required readmission for respiratory distress and was treated with oral antibiotics for pneumonia. Bedside nasopharyngeal endoscopy revealed improvement of the left vocal cord mobility and overall good glottic closure; follow-up FEES revealed some evidence of penetration of thin liquids, but no frank aspiration, and she was subsequently continued on her oral diet.
At 10 months of age, and nearly 3 months postopera- tively, her torticollis was stable, and her parents noted decreased apneic events continuing on the nocturnal lowflow home oxygen therapy. At 2 years of age she demonstrated excellent developmental progression; she was crawling well and had approximately 50 words in her vocabulary. A polysomnogram performed on room air revealed a combination of obstructive and central apneas as well as hypopneas, with an AHI of 93. With the addition of low-flow oxygen at 0.25 L there was improvement in central apneas and hypopneas, but the obstructive sleep apneas were unaltered in frequency (the AHI was 39). She was subsequently referred for desensitization for positive airway pressure treatment. At last follow-up, 3 years of age and 29 months postoperatively, the patient continues to do well. She was tolerating positive airway pressure therapy overnight with minimal supplemental oxygen, room air while awake, and a general diet. She continues to make developmental gains, although she remains delayed in both cognitive processing and motor skills. As of her 4-year annual checkup, she is developing and growing normally. The torticollis remains stable without signs of any craniocervical instability.
Discussion
We hypothesize that the basic ontogenetic defect in our index case resulted in malformation of the lateral midbrain and formation of a short hemicord terminating in an aberrant segmental neural placode at the C1-2 level, with a normal single cord caudal to this lesion, thus suggesting an incomplete Type II cervical SCM. A Type II SCM, or diplomyelia, results in 2 hemicords separated by a fibrous septum contained within a common dural sheath. 12 The hemicords grow caudally based on the development of their associated neural placode, found in all open and most closed spinal dysraphism cases. 17 Importantly, these placodes can be defined either as terminal or segmental, depending on the final location. 17 Caudal to a segmental placode, the spinal cord appears normal both morphologically and structurally. 17 Patients may also have an associated meningocele manqué, which refers to the formation of tethering bands of fibrotic or atretic neural tissue connecting the spinal cord to dura or surrounding tissues, and may cause tethered cord syndrome (TCS). 10 Because cervical SCMs are rare, their clinical impact is not well defined. Andro et al. presented a case of cervical SCM with associated vertebral anomalies, resulting in surprisingly mild symptoms. 2 In contrast, our patient had a cervical SCM with profound neurological symptoms, including cranial neuropathies and unilateral motor deficits. This suggests that the anatomical location of the derangement drives both clinical impact and prognosis.
The unilateral vocal cord paresis and congenital torticollis noted in our patient likely resulted from involvement of the high cervical cord and ventrolateral caudal medulla. Vocal cord paralysis is the second most common cause of stridor in newborns, with an equal distribution between unilateral and bilateral vocal fold paralysis. 4 Neurological etiologies represent 16% of reported cases; Chiari malformation is the most common. 4 We hypothesize that the SCM and brainstem anomaly in our patient impacted the vagal nuclei, resulting in unilateral cord paresis. While there are several surgical interventions available for vocal cord paralysis, including tracheotomy, arytenoidectomy, and cord mobilization, our patient remained stable with conservative management and positive airway pressure therapy, and therefore did not require surgical intervention. The rapid improvement of swallowing and aspiration during the 1st month of her life was likely due to improved apnea of prematurity and her suck-swallow-breath reflex.
11,14 The improved swallow study at Day 10 of life, in combination with her persistent cord weakness, supports this hypothesis. 4 While rare, the most common etiology of congenital torticollis is birth trauma. 8 However, neurological etiologies, including Chiari malformation, have been reported. 1, 5, 13 This suggests that neurological injury to, or malformation of, the accessory motor nuclei or motor nerves within the accessory nerve itself may result in torticollis.
The diagnosis of closed spinal dysraphism and SCM is reliant in large part on careful physical examination and radiography. Most patients present with indicative cutaneous findings, yet patients can present without obvious clinical examination findings. 6 In these situations, radiographic evaluation is the key to diagnosis. Diagnosis can be suggested with ultrasonography, plain radiographs, or CT. 6, 12 However, MRI is the ideal modality for evaluating SCMs. 16 The key radiological findings in Type II SCMs are a single dural sac containing 2 hemicords, best seen on T2-weighted or FIESTA-weighted MRI, or the lack of a bone spur noted on T1-weighted imaging. In addition, evaluation of the thin fibrous septum may be possible with T2-weighted or FIESTA-weighted MRI. Notably, meningocele manqué is extremely difficult to diagnose on MRI alone, and often relies on surgical evaluation for definitive diagnosis. 17 The tissue that appeared to be a separate component of the cervicomedullary junction intraoperatively may have been a meningocele manqué, atretic neural tis- sue tethered to normal elements. However, given the attachment to the primary cervicomedullary junction, this tissue was not manipulated surgically due to concern of damage to neural structures. The pathology of the excised intradural band showed mixed fibrous tissue consistent histologically with fascia.
Management depends largely on neurological sequelae, and is often dictated by the development of TCS. While TCS is classically believed to involve a tight filum terminale, it can be due to any condition that places tension on the spinal cord. 9 As in our case, the concern was tethering at the cervical level. Surgical intervention to release the tethered segment is often recommended; 6 however, surgery is not without risk, and therefore should be individualized to the patient and his or her risk of developing sequelae from the lesion. Signs of progressing neurological decline, such as pain or incontinence, should prompt the surgeon to consider release of the tethered segment. Long-term prognosis has been noted to be favorable in this patient population. 15 Immediate postoperative concerns consist of general recovery from anesthesia and surgery, including respiratory status, tolerating a diet, pain control, and mobility. In addition, wounds are monitored closely for CSF leakage and infection. 15 Patients are typically followed clinically and imaging performed as deemed necessary by their presentation and examination. Our patient underwent postoperative MRI and has been recommended to follow-up yearly, with special attention to symptoms of retethering or craniocervical instability.
This paper presents an exceptionally rare case of incomplete Type II cervical SCM and associated brainstem hypoplasia, resulting in multiple cranial neuropathies. The diagnosis relies on MRI and physical examination, and in the majority of cases conservative therapy with symptomatic management is sufficient. In our patient, conservative treatment was the first tier of clinical management. Due to worsening cranial neuropathies, progressive spinal cord tethering, and brainstem decompression, surgical intervention was merited. Her neurological status stabilized and she began to progress developmentally, albeit in a delayed fashion. The successful management of Type II SCMs relies on early diagnosis and close follow-up with a multidisciplinary team for the development of neurological sequelae. Early intervention can arrest progression of neurological injury.
